The variability of small-size iceberg distributions is revealed from a novel analysis of satellite altimeter data. A strong annual cycle is modulated by pulse-like events confined to single ocean basins, with dense iceberg populations in the South Atlantic in [2004][2005], and in the South Pacific in 2008. Anomalies in sea surface temperatures of the order of 1°C may be related to the iceberg distribution. Icebergs also appear very strongly associated with anomalies in the heights of ocean waves. A preliminary parameterization of wave blocking by icebergs significantly reduces wave model errors in the region south of 45°South, and has a perceptible influence on all the west coasts of the Southern hemisphere.
Introduction
The distribution of icebergs less than 6 km in length, has been known from ship-based observations (e.g. Wadhams, 1988; Jacka and Giles, 2006) , and synthetic aperture radar analyzes (Williams et al., 1999) . Both techniques have only been applied on limited time and spatial scales. These small icebergs may account for a significant part of the freshwater volume flux delivered by icebergs to the Southern Ocean (Silva et al., 2006) , with an associated iron flux important for the ocean primary productivity (Smith et al., 2007) . Icebergs also pose a considerable threat to navigation. Besides, although there is an abundant literature on the complex topic of wave interactions with sea ice (e.g. Squire et al., 1995; Meylan et al., 1997; Meylan, 2002) , there is little published investigation of the response of icebergs to wave motion (e.g. Goodman et al., 1980) , and even less on the consequences for the wave field.
Recently (Tournadre et al., 2008) demonstrated that small icebergs, with areas in the range 0.5-30 km 2 , have a significant signature in the noise part of high resolution altimeter waveforms, that can be analyzed to determine their distribution. Here we present the first climatology of small icebergs for the entire Southern ocean, and analyze its relationship with other observations, in particular ocean wave heights. We show here that icebergs have a strong impact on ocean waves at the scale of the entire Southern Ocean and should be parameterized to achieve more accurate wave forecasts. We prove here that a lack of iceberg parameterization appears to be the main limiting factor for the accuracy of present state-of-the-art ocean wave models in that region.
Analysis
Besides the detection of icebergs, the analysis of altimeter waveforms also provides the icebergs freeboard h (elevation above sea level), while the iceberg area A is related to the radar backscatter strength (Tournadre et al., 2008) . The Jason-1 altimeter archive, from 2002 to 2008, has been processed to produce a database of small icebergs over the southern Ocean (south of 45°S). Jason-2 data provides an extension to the present with similar quality.
Because the coverage of the ocean by a single satellite is limited to a narrow swath, about 6-8 km wide, we integrate the data to estimate the probability P of presence of an iceberg, with time and space resolutions of 1 month and 100 km, respectively. Given the low variability of P, from one month to the next, this estimate of P is probably reliable. That resolution is close to the Jason-1 track spacing at 50°latitude, which has a 10 day repeat cycle. This probability is estimated by the number of altimeter samples which contain one iceberg divided by the number of good altimeter samples. The number of Jason passes increased markedly towards the high latitudes, providing more robust iceberg statistics. We estimate ice volumes from iceberg areas, assuming that 90% of the volume is underwater, which may be overestimated by only a few percents (Holland, 2002) , Vði; j; tÞ ¼ 10Pði; j; tÞAði; j; tÞhði; j; tÞ DxDy A SW ð1Þ
with A(i, j, t) the average iceberg area, (Dx, Dy) the sampling grid spacing and A SW the area of the altimeter field of view. The histogram of iceberg sizes for the entire Southern ocean and all the year 2004 is shown in Fig. 1(a) . The altimeter is not expected to properly detect all icebergs with areas less than 0.5 km 2 . Although the missed small icebergs contribute little to the ice volume, they may still have a significant effect on the propagation of ocean waves. Our extrapolation of the iceberg distribution to smaller sizes is broadly consistent with published size distributions by Neshyba (1980) and Wadhams (1988) . Fig. 1(b) illustrates how elongated icebergs can produce a larger shadow than square icebergs. The analysis of a few synthetic aperture radar (SAR) scenes confirm that icebergs, like any floating body, tend to align with their length along the wave crests, and can produce a strong attenuation when wave heights are analyzed using well established SAR modulation transfer functions (Collard et al., 2005) . In the radar scene shown in Fig. 2 , the peak wavelength is 270 m, which corresponds to a 13 s wave period, and the wave height decreases from 2.7 to 1.8 m over 140 km.
Results
Integrating the iceberg volume in the open ocean (outside of sea ice) from 65°S to 45°S, the outstanding pattern revealed by Fig. 3(a) is the predominance of the South Atlantic sector (50°W-30°E) with most small icebergs formed in the Weddell sea during the austral summer. In that sector, the ice volume can exceed 100 Gt ( Fig. 3(b) ). Although not systematic, these patterns can be caused by iceberg melting, which, previously, could only be inferred from runoff estimates for Antarctica and a modeling of iceberg drift (e.g. Gladstone et al., 2001) .
The errors of a numerical wave model that does not account for icebergs, provide an independent verification of our iceberg detection. This wave model is based on the WAVEWATCH III Ò code (Tolman, 2008) and forced by analyzed winds and sea ice mask from ECMWF, treated with the subgrid method by Tolman (2003) . Both forcing and model have a resolution of 0.5°in longitude and latitude. The model without iceberg effects is described by Magne et al. (2010) , using the TEST441b parameterization proposed by Ardhuin et al. (2009b) and further described in Ardhuin et al. (2010) . This parameterization includes, in particular, a nonlinear swell dissipation based on the observations of long-range swell decay (Ardhuin et al., 2009a) . This model generally provides very accurate estimate of sea states without any assimilation of wave data (Bidlot, 2010) . Model results for the significant wave height H s are compared with observations derived from all available satellite altimeters (typically Jason, ENVISAT and Geosat Follow On), as calibrated by Queffeulou and Croizé-Fillon (2010) . This comparison is based on values averaged along-track over one degree in latitude (Rascle et al., 2008) .
Model biases are less than 30 cm except for latitudes 65°S-45°S, where the positive bias pattern is very similar to iceberg concentrations, with the same strong space-time variability. The bias pattern is shifted by 5-10°to the East of the iceberg distribution (Fig. 3(c) ). This shift is consistent with the expected partial blocking of the wave energy flux, predominantly oriented eastward. Namely, the model that does not account for icebergs is overestimating the wave heights in the regions that are, in reality, sheltered by the icebergs. The general negative bias in 2002 is related to stronger negative biases in modeled winds before 2003. Given the impact of waves on nearshore and upper ocean mixing, large gradients in wave height at the scale of individual icebergs probably enhance the mixing of water properties, while the icebergs also induce wind-driven upwelling.
Beyond these local effects of icebergs on the sea state, the errors in modeled significant wave height also appear to propagate further North, beyond the regions covered with icebergs ( Fig. 3(d)-(f) ).
Wave modeling with icebergs
In order to understand this remote effect, we define a first simple parameterization of the icebergs as moving sub-grid obstacles, following the treatment of (fixed) subgrid islands and (moving) marginal ice by Tolman (2003) . Neglecting diffraction effects that are probably important in practice, in particular for the smaller icebergs as it is the case for ice floes (e.g. Meylan, 2002) , we assume that icebergs are square and completely absorb the wave energy flux that they intercept. We define the proportion r of the incoming Fig. 3 . Longitude-time Hovmöller diagrams of (a) the total volume of small icebergs between latitudes 65°S and 45°S, over a 2°sector in longitude, (b) sea surface temperature anomaly estimated using the weekly NOAA Optimum Interpolation Sea Surface Temperature Version2 (Reynolds et al., 2002) . (c) Biases of modeled significant wave heights relative to satellite altimeter measurements (Queffeulou and Croizé-Fillon, 2010) . (d) Total volume of small icebergs from the whole southern ocean (green), and the south Atlantic ocean (50°W-30°E, black), south Indian ocean (50°E-130°E red) and South Pacific ocean (130°E-100°W, blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) wave energy flux blocked by icebergs over a unit propagation distance (here 1 km) is the length of the icebergs, in the direction perpendicular to the propagation, per unit propagation distance. For an individual rectangular iceberg perpendicular to the wave propagation direction, the iceberg area is this length multiplied by a width (Fig. 1(b) ).
For a not too dense population of icebergs or for a short propagation distance, we may neglect the probability that two icebergs may be aligned in the wave propagation direction, and r is given by the ratio rði; j; tÞ ¼ Cði; j; tÞ=Wði; j; tÞ ð 2Þ of the fraction of sea area covered by icebergs, Cði; j; tÞ ¼ Pði; j; tÞ Aði; j; tÞ A SW ð3Þ
and an effective iceberg width in the wave propagation direction
where k is the iceberg size index, and C 0 (k) is the number of icebergs of area A 0 (k). Here C 0 was taken uniform in space and time, i.e. independent of i, j and t. As a result W is a constant that only depends on the iceberg size histogram. Provided that icebergs do occur in groups that align preferentially in a particular direction relative to the dominant wave direction, the wave decay is exponential, with a spatial rate r that has units of km À1 . In the model, the energy flux at each grid point is reduced by exp(rD), where D is the grid spacing in kilometers.
The fitted size distribution shown in Fig. 1 gives W = 0.85 km. Here C(i, j, t) reaches as much as 1.2%, corresponding to a decay r = 0.02 km À1 , or an e-folding scale 1/r of 50 km. This scale is very short compared to the growth scale of waves in strong winds which is of the order of 300 to 1000 km (Sverdrup and Munk, 1947) . More typical values r ' 0.002 km À1 give attenuation scales comparable to the wind-wave growth scales.
If the histogram were restricted to icebergs larger than 0.5 km 2 , we would get an effective iceberg width W = 1.6 km (in the direction of wave propagation), and, according to Eq. (2), a weaker effect on waves. This illustrates the importance of the smallest icebergs, which should still have lengths larger than the dominant wavelength of wind-waves, i.e. a few hundred meters, to have any strong blocking effect.
Here we show model results obtained with W set to 0.42 km. This reduction of W, which increases the local iceberg effect by a factor of two, was first motivated by the fact that it gave a slightly better result in terms of wave heights. Why the model fits the data better for W < 0.8 km is likely the result of the geometry of the icebergs that are not square. From the analysis of a few synthetic aperture radar images (see also Williams et al., 1999) , small icebergs appear to have their longer side perpendicular to the wave direction (Fig. 2) , which is why we termed length the dimension is that direction. A smaller W can also be the result of a varying size histogram with, in reality, a larger proportion of small icebergs away from the Antarctic continent.
The wave model is validated with measurements of wave height from all altimeters (in the case of Fig. 5 , these are Jason-1, ENVISAT and GFO), which, given the low probability of iceberg detection, are practically independent from the Jason-derived iceberg data. Including the parametrization for icebergs in the wave model, reduces all the large positive biases shown in Fig. 3(c) , up to 1.13 m for H s , to less than 0.58 m (Fig. 6 ). Although the model error is also due to errors in the driving winds and sea ice mask and parameterization errors, the large biases in the model without icebergs are anomalous. Considering the ocean south of 40°South, the root mean square model bias over 2°bands in longitude is 0.1 m. For the months and longitudes for which biases exceed twice this standard deviation, which may be considered as the model noise level, the addition of icebergs produces an average reduction in bias from 0.32 m to 0.20 m.
Not only the biases but also the random errors are reduced in the upgraded model. For the year 2008 (Fig. 5) , the normalized root mean square error (NRMSE) is lowered by 12% for all the region South of 45°S. This includes a clear improvement (10% reduction in error) of the model results along all the South-American continent due to a better representation of swells propagated from the Southern ocean.
For a single wave event, icebergs at 60°South may, according to the model, reduce wave heights by 20 cm as far as 10°South (Fig. 5(c) ). This improved variability of the model, with a very limited change in the mean wave heights (2% reduction over the ocean south of 45°S) provides a solid verification of the reality of the iceberg population patterns derived from the altimeter data. Similar results are found for other years, with stronger impacts in 2004. All these model results and the iceberg masks are available from http://tinyurl.com/yetsofy.
Conclusion
The global iceberg database presented here reveals an annual cycle with a large inter-annual variability. These icebergs are related to large anomalies in sea surface temperatures and they also strongly impact ocean waves, with a far-reaching impact. This was illustrated with the iceberg blocking influence on swells in the Pacific, that affects the South American coasts. At the scale of the Southern Ocean, iceberg distribution patterns were found to be strongly correlated with wave model errors. A first parameterization of wave blocking by the icebergs removed the largest errors in the model. Yet, the model is based on an empirical iceberg shape factor that calls for further validation at smaller scales. Although we found no clear relationship between iceberg bursts and ocean color anomalies, as expected from Smith et al. (2007) , the present findings call for a continued monitoring of icebergs and their associated freshwater and nutrient flux to the Southern Ocean. For this, altimeter data is complementary to synthetic aperture radar data that is best used for calibration on limited areas, due to the large volume of acquisitions and processing required. Now that CNES and NOAA make the Jason-2 waveforms available in near real time (delay of a few hours), it is also possible to use the latest data to define an iceberg mask usable for wave forecasts. This shall be attempted shortly.
